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Archaea are ubiquitous in the modern ocean where they are involved in the carbon and
nitrogen biogeochemical cycles. However, the majority of Archaea remain uncultured.
Archaeal specific membrane intact polar lipids (IPLs) are biomarkers of the presence
and abundance of living cells. They comprise archaeol and glycerol dibiphytanyl
glycerol tetraethers (GDGTs) attached to various polar headgroups. However, little
is known of the IPLs of uncultured marine Archaea, complicating their use as
biomarkers. Here, we analyzed suspended particulate matter (SPM) obtained in high
depth resolution from a coastal and open ocean site in the eastern tropical South
Pacific (ETSP) oxygen deficient zone (ODZ) with the aim of determining possible
biological sources of archaeal IPL by comparing their composition by Ultra High
Pressure Liquid Chromatography coupled to high resolution mass spectrometry with
the archaeal diversity by 16S rRNA gene amplicon sequencing and their abundance
by quantitative PCR. Thaumarchaeotal Marine Group I (MGI) closely related to Ca.
Nitrosopelagicus and Nitrosopumilus dominated the oxic surface and upper ODZ water
together with Marine Euryarchaeota Group II (MGII). High relative abundance of hexose
phosphohexose- (HPH) crenarchaeol, the specific biomarker for living Thaumarchaeota,
and HPH-GDGT-0, dihexose- (DH) GDGT-3 and -4 were detected in these water
masses. Within the ODZ, DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota,
Nanoarchaeota, and Nanohaloarchaea) of the Woesearchaeota DHVE-6 group and
Marine Euryarchaeota Group III (MGIII) were present together with a higher proportion
of archaeol-based IPLs, which were likely made by MGIII, since DPANN archaea
are supposedly unable to synthesize their own IPLs and possibly have a symbiotic
or parasitic partnership with MGIII. Finally, in deep suboxic/oxic waters a different
MGI population occurred with HPH-GDGT-1, -2 and DH-GDGT-0 and -crenarchaeol,
indicating that here MGI synthesize membranes with IPLs in a different relative
abundance which could be attributed to the different detected population or to an
environmental adaptation. Our study sheds light on the complex archaeal community of
one of the most prominent ODZs and on the IPL biomarkers they potentially synthesize.
Keywords: Thaumarchaeota, Euryarchaeota, DPANN, GDGT, archaeol, crenarchaeol
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INTRODUCTION
Archaea are numerous in the modern ocean (e.g., DeLong,
1992; Karner et al., 2001), where they constitute highly
diverse communities (see Eme and Ford Doolittle, 2015 for a
general review on the archaeal diversity) and participate in the
biogeochemical cycles of elements (Offre et al., 2013). However,
only a few members of marine Archaea have been isolated and
their physiology remains therefore largely elusive.
Members of the phylum Thaumarchaeota (Brochier-Armanet
et al., 2008), formerly known as Marine Group I (MGI) (DeLong,
1992; Fuhrman et al., 1992) have been successfully enriched and
isolated (Könneke et al., 2005; Santoro et al., 2015). Marine
Euryarchaeota Group II (MGII) and III (MGIII), whilst already
detected by the pioneering studies of marine archaeal diversity
(DeLong, 1992; Fuhrman et al., 1992), are yet to be isolated.
The former group mostly includes motile photoheterotrophs
living in the marine photic zone; other ecotypes, however, have
been detected in deeper waters (Frigaard et al., 2006; Baker
et al., 2013; Deschamps et al., 2014). MGIII have been mostly
associated to oxic meso- and bathypelagic environments and are
considered a rare component of deep-sea archaeal communities
(Massana et al., 2000; López-García et al., 2001; Bano et al.,
2004; Martin-Cuadrado et al., 2008; Haro-Moreno et al., 2017),
albeit they were one of the most relevant lineages detected in the
deep Arctic Ocean (Galand et al., 2009). A recent metagenomic
analysis has found MGIII in epipelagic waters, containing genes
of photolyases and rhodopsin that suggest a photoheterotrophic
lifestyle (Haro-Moreno et al., 2017). Other uncultured planktonic
archaeal lineages include members of the archaeal superphylum
DPANN (Rinke et al., 2013; Castelle et al., 2015), which have
recently also been described as important components of the
euxinic waters of the Black Sea (Sollai et al., 2018).
In the last decade the abundance, environmental niche
and involvement of yet uncultured Archaea into the marine
biogeochemistry have started to be successfully investigated
thanks to culture-independent techniques mostly based on
genomic analyses (see Adam et al., 2017 for an updated review on
the Archaea domain). These approaches, however, are subject to
biases such as those regarding the primers used for amplification
with PCR (see Teske and Sørensen, 2008; Pinto and Raskin, 2012;
Marine et al., 2014; Eloe-Fadrosh et al., 2016 among others),
and may be compensated by combining these techniques with
other biogeochemical approaches (Hinrichs et al., 2000; Orphan
et al., 2001; Biddle et al., 2006; Pitcher et al., 2011b). One
successful example of this kind consists in coupling genomic
and lipidomic techniques (Coolen et al., 2007; Wakeham et al.,
2007, 2012; Pitcher et al., 2011b; Lipsewers et al., 2014; Besseling
et al., 2018). Indeed, archaeal membrane lipids have proven to
be promising taxonomic biomarkers and to be highly versatile
in both present and past environments (Sinninghe Damsté et al.,
2002), as they preserve better than DNA and RNA in soil and
sedimentary records (Kuypers et al., 2001; Eglinton and Eglinton,
2008; Castañeda and Schouten, 2011). Archaeal membrane
lipids are comprised of diphytanyl glycerol diether (archaeol)
and/or glycerol dibiphytanyl glycerol tetraethers (GDGTs), which
may contain 0–8 cyclopentane moieties. In general, GDGTs
are widespread among the archaeal domain (Schouten et al.,
2013). The only documented exception is crenarchaeol, the
GDGT containing a cyclohexane moiety and four cyclopentanes
(Sinninghe Damsté et al., 2002) which is considered exclusive
to Thaumarchaeota (Sinninghe Damsté et al., 2012). In the lipid
membranes of living archaea the core lipids (CLs) are attached
by a glycerol-ether bond to one or two polar headgroups, which
mainly include glyco- and phospholipids, forming structures
known as intact polar lipids (IPLs; Sturt et al., 2004). Compared
to CL, whose high preservation potential makes them suitable
as biomarkers of both present and past archaeal communities
(Schouten et al., 2013), IPLs have been suggested to be especially
useful as biomarkers of the living archaea. Indeed, the death
of cells leads to the hydrolysis of IPLs, which results in
the prompt release of the polar headgroups. In particular,
the phosphate-ester bond of the IPL phospho headgroup has
been demonstrated to be more labile than the glycosidic ones
that are found in the monohexose (MH) and dihexose (DH)
IPL types, for instance (White et al., 1979; Harvey et al.,
1986; Schouten et al., 2010). This feature makes the IPL
hexose-phosphohexose (HPH)-crenarchaeol an excellent marker
of living Thaumarchaeota (Pitcher et al., 2011a,b; Lengger et al.,
2012). Studies of thaumarchaeotal cultures have demonstrated
that HPH-crenarchaeol is indeed an important IPL (Schouten
et al., 2008a; Pitcher et al., 2011a; Sinninghe Damsté et al., 2012)
although its abundance seems to vary according to the growth
phase (Elling et al., 2014).
The lack of cultures of marine archaea complicates the
identification of specific biomarkers, similar to the HPH-
crenarchaeol of the Thaumarchaeota group, for the various
archaeal lineages. The use of DNA and biogeochemical tools to
identify archaeal groups as sources of specific IPLs, directly in
the environment, represents a valid alternative to the availability
of isolates (Rossel et al., 2008; Pitcher et al., 2011b; Meador
et al., 2015). Consequently, environments which sustain diverse
archaeal communities are ideal for this type of investigation.
Among these are those regions of the modern oceans hosting
oxygen deficient zones (ODZs), areas where the concentration
of oxygen is low enough that other electron acceptors are used
for respiration (Horak et al., 2016). ODZs are characterized
by multiple biogeochemical gradients which support complex
archaeal communities taking part in alternative biogeochemical
cycles such as the nitrogen, the carbon and in some settings
the sulfur cycle (Canfield et al., 2010; Ulloa et al., 2012).
Thaumarchaeota have been found to thrive and perform
nitrification at the upper oxic–suboxic boundary of the main
ODZs and other archaeal lineages are starting to be linked to
the biogeochemistry of these regions (Lam and Kuypers, 2011).
However, the presence and distribution of other archaeal groups
in the ODZs are much less characterized, and so are the potential
IPL biomarkers they synthesize in situ. Therefore, ODZs are
interesting sites to study the presence of archaeal lineages and the
IPLs they may produce.
Here, in order to expand the current knowledge on the
distribution of marine archaea and their IPL biomarkers, we
sampled a coastal and open ocean station of the eastern
tropical South Pacific (ETSP) at relatively high depth resolution
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for suspended particulate matter (SPM). We characterized the
archaeal diversity of the ETSP by 16S rRNA gene amplicon
sequencing, and quantified the archaeal presence in the region by
quantitative PCR. Archaeal IPL biomarkers were also investigated
by using Ultra High Pressure Liquid Chromatography coupled to
high resolution mass spectrometry (UHPLC-HRMS). In this way
we were able to identify new archaeal IPL biomarkers and link
them to specific archaeal groups.
MATERIALS AND METHODS
Sampling and Physicochemical
Determinations
The ETSP water column was sampled during the NBP13-05
cruise aboard R/V Nathaniel B. Palmer, between 24th June
and 27th July 2013 at coastal and open ocean sites (Figure 1).
At each site a number of geographically nearby locations
showing similar physicochemical features (based on the
estimated potential density, oxygen and nutrient profiles)
were surveyed as the ship tracked drifters placed in the ODZ.
The Conductivity-Temperature-Density (CTD) equipment
(SBE-911, Sea-Bird Electronics) recorded the physicochemical
parameters of the water column. A SBE 43 electrochemical sensor
mounted on the CTD rosette measured the dissolved-oxygen
concentrations, which were calibrated against on-deck Winkler
titrations. The electrochemical oxygen sensor SBE 43 has a
detection limit of 1–2 µmol kg−1 (Tiano et al., 2014). Although
recent evidence suggests that techniques such as Clark electrodes
or Winkler titrations overestimate oxygen at the very lowest
concentrations (Tiano et al., 2014), the O2 data here reported do
not account for this discrepancy. Water samples for inorganic
nutrient profiles were collected using a 24-bottle General
Oceanics rosette sampler. Preferably, the CTD was cast shortly
before or after the deployment of the McLane pumps (see below),
otherwise data from another station, the closest in time and space
to that of the deployed in situ pumps were used for the profiles.
This means that the depths sampled for obtaining nutrient data
do not always directly correspond to the depths at which the
SPM was sampled with the in situ pumps.
The SPM was collected on 142 mm diameter pre-washed
0.7 µm pore size glass fiber (GF) filters (Whatman R©), mounted in
McLane WTS-LV in situ filtration systems. Two McLane pumps
were deployed simultaneously at different depths, at each site.
At the coastal site 15 depths from 22 to 1,000 m were sampled
for IPL and gene analysis; at the open ocean site the samples
were collected at nine discrete depths, comprised between 100
and 1,000 m. The volume of water filtered varied according to the
depth and the material collected. Upon the recovery of the pumps
the GF filters were removed, split in two halves, one of which was
used for IPL and gene analysis and the other was archived, and
both frozen at−80◦C.
DNA-Based Analysis
Suspended particulate matter filter halves were further
subdivided into two quarter filters, which were used for genomic
and for lipidomic analysis. DNA/RNA were extracted with
the RNA PowerSoil R© Total Isolation Kit plus the DNA elution
FIGURE 1 | (A) Map of the eastern tropical South Pacific (ETSP) surveyed during the NBP13-0 cruise (June–July 2013) aboard of the R/V Nathaniel B. Palmer,
including the location of the stations sampled for SPM by using multiple in situ pumps systems. Sampling locations (B) at the coastal station (i.e., 48; 51; 54; 58a;
58b; 61; 64a; and 64b) and (C) at the open ocean station (i.e., 11; 14; 15; and 24).
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accessory (Mo Bio Laboratories, Carlsbad, CA, United States).
The concentration of DNA was quantified by NanoDropTM
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, United States) and fluorometrically with Quant-iTTM
PicoGreen R© dsDNA Assay Kit (Life Technologies, Netherlands).
Amplification (primers: S-D-Arch-0159-a-S-15 and S-D-Bact-
785-a-A-21; Klindworth et al., 2013) targeting bacterial and
archaeal 16S rRNA gene reads and sequencing of the 16S rRNA
gene amplicon was performed as described in Moore et al.
(2015). The QIIME v1.9 software was employed to analyze the
archaeal 16S rRNA gene amplicon sequences (Caporaso et al.,
2010). The raw sequences were demultiplexed and subsequently
quality-filtered with a minimum quality score of 25 length
between 250 and 350, a maximum two errors in the barcode
sequence were allowed. OTU picking step was performed with
Usearch with a threshold of 0.97 (roughly corresponding to
species-level OTUs). Taxonomy was assigned based on BLAST
and the SILVA database version 123 (Altschul et al., 1990; Quast
et al., 2013). The phylogenetic affiliation of selected 16S rRNA
gene sequences was compared to release 123 of the Silva NR SSU
Ref database1 (Quast et al., 2013) using the ARB software package
(Ludwig et al., 2004). Sequences were added to the reference tree
supplied by the Silva database using the ARB Parsimony tool.
Quantitative PCR (qPCR) was used to estimate archaeal
16S rRNA gene copies quantification, by using the primers
Parch519F and Arc915R as previously described (Pitcher et al.,
2011b). The qPCR reaction mixture (25 µl) contained 1 U of
Pico Maxx high fidelity DNA polymerase (Stratagene, Agilent
Technologies, Santa Clara, CA, United States) 2.5 µl of 10×
Pico Maxx PCR buffer, 2.5 µl 2.5 mM of each dNTP, 0.5 µl
BSA (20 mg/ml), 0.02 pmol/µl of primers, 10,000 times diluted
SYBR Green R© (Invitrogen) (optimized concentration), 0.5 µl
50 mM of MgCl2 and ultrapure sterile water. All reactions were
performed in iCycler iQTM 96-well plates (Bio-Rad, Hercules CA,
United States). A gradient melting temperature assay was utilized
to test the specificity of the reaction. The cycling conditions for
the qPCR reaction consisted of 95◦C, 4 min; 40–45× [95◦C, 30 s;
62◦C, 40 s; 72◦C, 30 s]; final extension 80◦C, 25 s. The qPCR
reactions were performed in triplicate with standard curves from
100 to 107 molecules per microliter. Efficiency of the qPCR assay
was reported to be 98–100% and R2 = 0.996.
Intact Polar Lipids Analysis
One fourth of each of the collected GF filters were used for
lipidomic analysis. A modified Bligh-Dyer technique (Sturt
et al., 2004) was used to extract IPLs, with some adjustments
as reported by Sollai et al. (2018). Briefly, 1-O-hexadecyl-2-
acetyl-sn-glycero-3-phosphocholine (PAF) internal standard was
added to the extracts and dried under a stream of nitrogen.
The IPL injection solvent (hexane:isopropanol:H2O 718:271:10
vol/vol/vol) was added to re-dissolved the dried extract and the
resulting solution was filtered through a 0.45µm, 4 mm-diameter
True Regenerated Cellulose syringe filter (Grace Davison,
Columbia, MD, United States). The analysis was performed as
described by Sollai et al. (2018), by using an Ultimate 3000 RS
1http://www.arb-silva.de/
UHPLC, equipped with thermostated auto-injector and column
oven, coupled to a Q Exactive Orbitrap MS with Ion Max source
with heated electrospray ionization (HESI) probe (Thermo Fisher
Scientific, Waltham, MA, United States). Separation was achieved
using an YMC-Triart Diol-HILIC column (250 mm × 2.0 mm,
1.9 µm particles, pore size 12 nm; YMC Co., Ltd., Kyoto, Japan)
held at 30◦C. The mass range for the analysis of the lipids was
m/z 375 to 2,000 at a resolution 140,000. The chromatographic
conditions and source settings were as described by Sollai et al.
(2018), similarly the data dependent MS2 settings. The list of
the IPLs targeted during the analysis, using a mass tolerance
of 3 ppm, is also available in Sollai et al. (2018). Integration of
the combined mass chromatogram (within a mass tolerance of
3 ppm) of the monoisotopic and first isotope peak of all relevant
adducts formed was performed to determine the peak areas for
each individual IPL. Depending on the type of IPL, protonated,
ammoniated and/or sodiated adducts may form in different
proportions. Possible matrix effects and variations in mass
spectrometer performance were corrected when necessary by
monitoring the response of the internal standard PAF. Reported
peak areas were also corrected for these effects. The abundances
of individual IPLs are here reported as response units per Liter
of water (r.u. L−1), due to the lack of authentic standards for
absolute quantitation. Although the MS response of individual
IPLs may be different, the MS response of an individual IPL is
stable when corrected for matrix effects and MS performance
by the use of an internal standard as done here. This approach
therefore allows for the comparison of absolute abundance (in
terms of response units liter−1) between samples, but not the
comparison of IPL relative abundance between the samples.
Data Analysis
Pearson correlation analysis performed by using the R software
package for statistical computing2 was applied to the data
collected at both stations. Specifically the absolute abundance
of specific archaeal groups, as calculated from the total archaeal
16S rRNA gene (copies L−1) estimated by qPCR (assuming
one 16S rRNA gene copy number per genome) multiplied by
the relative abundance of each archaeal group given by the
16S rRNA gene amplicon sequencing analysis detected in the
ETSP SPM at different depths and the absolute abundance
of the IPL classes (in terms of response units liter−1) as
obtained with the UHPLC-HRMS analysis of the ETSP SPM at
different depths were the data employed to build the correlation
matrices. Three matrices were obtained. Type one (herein called
archaea – IPL matrix) was built using the abundance of specific
archaeal groups and the abundance of the IPLs detected as
variables. Type two (herein called archaea – archaea matrix)
was built using the abundance of specific archaeal groups as
variables. Type three (herein called IPL – IPL matrix) used the
abundance of the IPLs detected as variables. Data from 60 m
depth at the coastal station were excluded from the analysis
(see section “Discussion”). The correlation was expressed as
coefficients (r-values) ranging from −1 to +1, where negative
r-values indicate a negative linear correlation between the two
2http://cran.r-project.org/
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variables, positive values indicate a positive linear correlation and
0 indicates no existing correlation.
RESULTS
The data obtained from casting geographically contiguous sites at
both the study locations were compiled into two composite (i.e.,
coastal and offshore) stations (Figure 1). This was possible due to
the large similarities of the physical and chemical profiles shared
by the various sites from one location. The results are reported
as tables or plots in which the potential density, σθ (kg m−3)
corresponding to the depths sampled at the two stations are used
(Supplementary Table S1 and Figures 1, 2).
Physicochemical Parameters of the
Sampling Sites
For the purpose of this study four distinct zones were defined in
the coastal station, based on the O2 profile, and are used later
in the text. These include the shallow oxic zone (22–75 m), the
upper ODZ (75–135 m), the core ODZ (135–350 m), the deep
oxic zone (350–1000 m; Figure 3). In detail, the water column
of the coastal station was oxic for the first ∼70 m, with the O2
concentration reaching 212 µmol kg−1 at 22 m and 21.5 µmol
kg−1 at 60 m, respectively. The oxycline was steep and at 75 m
the water was suboxic (2.1 µmol kg−1 of O2). In the core ODZ
(up to ∼350–400 m) the concentration of O2 remained close to
2 µmol kg−1. At ∼500 m the oxygen concentration increased
to 14.6 µmol kg−1 (Supplementary Table S1 and Figure 3A).
The concentrations of nitrate (NO3−), nitrite (NO2−) and
ammonium (NH4+) were also determined. The NO3− peaked
in the upper oxycline (∼15–22 µmol L−1 at ∼40–60 m) and
again in the deep oxycline (∼41–43µmol L−1 at∼500–1,000 m).
The NO3− concentration reached its lowest (∼9 µmol L−1)
in the core ODZ, at ∼115 m (Supplementary Table S2 and
Figure 2A). The NO2− concentration was ∼0.7 µmol L−1 at
∼40–50 m and reached a peak of up to 7.5 µmol L−1 in the core
ODZ, at∼115–325 m (Supplementary Table S2 and Figure 2B).
The NH4+ concentration peaked at ∼30 m (∼1.5 µmol L−1),
it decreased to 0.1 µmol L−1 at ∼40 m and remained close to
this value in the deeper water column (Supplementary Table S2
and Figure 2C).
Similarly to the coastal station also in the open ocean site,
four distinct zones were defined based on the O2 profile: the
shallow oxic zone (100–125 m), the upper ODZ (125–175 m),
the core ODZ (175–300 m), the deep oxic zone (300–1,000 m;
Figure 4). At the open ocean station the water column was fully
oxic (∼215µmol kg−1) for the first 100 m and became suboxic in
the following 25 m, with O2 decreasing to ∼2.1–5.5 µmol kg−1
at 125 m. Within the ODZ (∼125–300 m) the O2 was as low as
∼2–3 µmol kg−1, then it increased first to ∼11–16 µmol kg−1
at ∼500 m and to ∼56 µmol kg−1 at 1,000 m (Supplementary
Table S1 and Figure 3A). The NO3− concentration displayed a
first maximum of ∼23.6 µmol L−1 at ∼100 m, it decreased to
∼20 µmol L−1 in the upper ODZ (∼150–160 m), and reached a
second peak of∼45.7 µmol L−1 at∼700 m, in the lower oxycline
(Supplementary Table S2 and Figure 2D). The NO2− was barely
detectable in the upper oxic water and at the oxycline (0.2 µmol
L−1 at ∼50–60 m), but peaked (8.9 µmol L−1) within the core
ODZ, at∼120–270 m (Supplementary Table S2 and Figure 2E).
The NH4+ concentration was at its maximum (0.5 µmol L−1)
in the upper oxic water (∼50 m), then decreased to <0.1 µmol
L−1 at∼75–80 m, and did not increase again in the deeper water
(Supplementary Table S2 and Figure 2F).
Diversity and Abundance of
Archaeal Groups
We investigated the archaeal community composition and
abundance at both coastal and open ocean stations in the ETSP
region. Partial 16S rRNA gene sequences were amplified and
their sequence determined by amplicon sequencing of the DNA
extracted from the SPM across the two water column vertical
profiles (Table 1 and Figures 3, 4).
For both stations we quantified the total archaeal 16S rRNA
gene with qPCR by using specific primers (Figures 3B, 4B and
Supplementary Table S3). At the coastal station, the sample
taken at 60 m depth only reported 0.1% archaeal 16S rRNA gene
reads and archaeal 16S rRNA gene copy numbers under detection
limit. For that reason, we excluded this sample from further
analysis and discussion. At the coastal station the total archaeal
16S rRNA gene copy number was 2 × 105 copies L−1 in shallow
oxic water (22 m) and increased maximizing within the ODZ
(175–350 m) with up to 2 × 107 copies L−1. In deeper waters,
it was ca. 3–5 × 106 copies L−1 (Figure 3B and Supplementary
Table S3A). At the open ocean station the total archaeal 16S
rRNA gene copy number varied between 2 × 105 to 7 × 107
copies L−1. The maximum was located within the core ODZ
(200 m) and a second maximum (3 × 107 copies L−1) was
detected at the lower oxycline at 500 m depth (Figure 4B and
Supplementary Table S3B).
Archaeal diversity was studied by 16S rRNA gene amplicon
sequencing. At the coastal station, four major archaeal groups
were detected, which could be related to various subgroups,
i.e., the marine Thaumarchaeota (subdivided in operational
taxonomic units, OTUs) closely related to Candidatus
Nitrosopelagicus brevis and to Nitrosopumilus maritimus,
and two other uncultured MGI OTUs: MGI OTU-1 and MGI
OTU-2; Euryarchaeota MGII (as MGII OTU-1 and MGII
OTU-2) and MGIII (as MGIII OTU-1, MGIII OTU-2, and
MGIII OTU-3; see Figure 5 for details on the OTUs number and
accession numbers), and uncultured DPANN Woesearchaeota
Deep Hydrothermal Vent Group (DHVE)-6 (Figure 3C).
At the open ocean station, the same archaeal taxa of the
coastal station were detected with one more euryarchaeotal
MGII subgroup (MGII OTU-3; Figure 5B). Other archaeal
groups (less than 3% each) represented <10% of total archaeal
reads (Figure 4C).
The archaeal groups showed a distinct distribution with
depth. At the coastal station, Thaumarchaeota affiliated to Ca.
Nitrosopelagicus and Nitrosopumilus dominated in oxic surface
waters (at 22 m) with 55 and 25% of the total archaeal 16S
rRNA gene reads, respectively. MGIII-affiliated OTUs were low
(<2.5%) or undetected in the surface and subsurface water (ca.
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FIGURE 2 | Profiles of nitrogen species detected (nitrate, NO3−; nitrite, NO2−; ammonium, NH4+) in the in the ETSP at the (A–C) coastal and (D–F) open
ocean station.
22–83 m, Table 1 and Figure 3C). In the upper ODZ (75–83 m)
MGII OTU-1 comprised 41 and 17% of reads, together with
MGI archaea related to Ca. Nitrosopelagicus (11–28%) and
Nitrosopumilus (19–36%). The distribution of these two groups
of MGI archaea extended somewhat deeper in the water column;
at 100 m MGI archaea (including MGI OTU-1 and MGI OTU-2)
still comprised 44% of all archaeal reads. Within the core ODZ
(∼135–350 m) the archaeal taxa that were prominent in the
upper 100 m declined to <10% of archaeal reads in favor of
other taxa. Specifically, euryarchaeotal MGIII OTU-3 increased
gradually, reaching 42–63% at depths >150 m in the ODZ.
In addition, archaea affiliated to the DPANN Woesearchaeota
DHVE-6 group became increasingly abundant in the 135–350 m
depth range, comprising up to 15–26% of total archaeal reads
with the lowest relative abundance in the deeper part of the
ODZ (Table 1 and Figure 3C). Below the ODZ, in the deep
oxic water (500–1,000 m), the relative abundance of MGIII and
DPANN DHVE-6-affiliated reads declined sharply, whereas MGI
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OTU-1 and MGI OTU-2 increased sharply to a summed relative
abundance of >50%. In contrast to the surface oxic waters,
MGI archaea related to Ca. Nitrosopelagicus and Nitrosopumilus
were much lower in relative abundance in the deep oxic waters.
Comparably, the relative abundance of MGII OTU-2 reads, but
not of MGII OTU-1, also increased substantially to 29–32%
(Table 1 and Figure 3C).
In general, the depth distribution of the archaeal taxa of the
open ocean site was similar to that of the coastal site (cf. Table 1
and Figure 4C). The relative abundance of thaumarchaeotal Ca.
Nitrosopelagicus and Nitrosopumilus reads in the oxic surface
waters (100 m) was as high as 33 and 16%, respectively. In
contrast to the coastal site, however, MGI OTU-1 was also
relatively abundant (14%). MGI archaea remained the most
prominent group of archaea in the upper ODZ (i.e., 40–62%
of total archaeal reads at 125–155 m), but clear differences in
the relative abundance of the various OTUs were observed.
Specifically, Ca. Nitrosopelagicus-related archaea comprised 33%
of reads at 100 m and decreased to <5% reads at 155 m, whereas
MGI OTU-1 increased from 14 to 21% at the same depth range.
The archaea related to Nitrosopumilus increased firstly to 18%
and still represented 13% at 155 m. Another relevant group of
archaea in the oxic surface waters was euryarchaeotal MGII,
comprising 22–27% of total archaeal reads at 100–155 m. In
contrast to the coastal station, MGII OTU-2 (14–18% of 16S
rRNA gene reads) and not MGII OTU-1 was most prominent
(Table 1 and Figure 4C). Like in the coastal station, the relative
abundance of MGI (<6%) and MGII (<8%) archaea strongly
decreased within the core ODZ (175–300 m), with the only
exception being MGI OTU-1, whose reads reached 16% at 200 m.
In contrast, the MGIII-affiliated OTUs and the DPANN group
became prominent in the core ODZ, with relative abundances
of individual OTUs reaching 30%. In the deep oxic waters
(500–1,000 m) MGI OTU-1 was prominent again with 52 and
43% of reads. At these deeps other relevant archaeal taxa include
MGII OTU-1 (14 and 21%) and MGII OTU-2 (13% at 500 m)
and, to a minor extent, MGIII OTU-3 and MGI OTU-2 (8–9% at
1,000 m; Table 1 and Figure 4C).
Archaeal Intact Polar Lipid Biomarkers
An UHPLC-HRMS method was set-up to detect 193 structurally
different archaeal IPLs (see section “Materials and Methods” and
Sollai et al., 2018). The distribution of individual IPLs versus
depth (and corresponding estimated potential density, σθ) was
presented as the percentage of the relative abundance of each
IPL (Supplementary Table S4) normalized for its total amount
detected across the full depth profile (Tables 2, 3). Because
no authentic standards were available for absolute quantitation
of the individual IPLs (MS response factors of different IPLs
might vary substantially), it was not possible to compare the
relative abundances of the IPLs at one specific depth (see
also section “Materials and Methods” for further explanation).
14 GDGT -IPLs and 4 archaeol-IPLs were detected in the
ETSP in this study (Tables 2, 3). The IPLs detected included
various head group types attached in different combinations
to crenarchaeol, GDGT-0 to -4 and archaeol CLs. Specifically,
they included monohexose (MH); dihexose (DH), which in this
study stands for one DH moiety when attached to archaeol
CL or for two MH moieties when attached to crenarchaeol or
GDGT CLs; hexose phosphohexose (HPH), which stands for
two headgroups, namely one MH and one phosphatidyl MH;
phosphatidyl glycerol (PG), and phosphatidyl ethanolamine (PE).
At the coastal station all IPLs with crenarchaeol and GDGT-0
to -4 as CLs showed similar depth profiles (Table 2). Specifically,
these IPLs displayed their highest relative abundance in the upper
ODZ (i.e., at 75–83 m) and gradually decreased within the core
ODZ and deeper in the water column (see MH-crenarchaeol,
DH-GDGT-3 and -4 for instance). The relative abundance of
most HPH- and DH-GDGTs (except for DH-GDGT-3) sharply
increased again at 500–1,000 m. At 1,000 m the relative
abundance of the MH-GDGTs also increased. DH-crenarchaeol
was an exception as it reached its highest relative abundance
(18%) at 500 m depth. All archaeol-IPLs displayed a substantially
different distribution being mostly detected in the core ODZ
(Table 2). These IPLs were present with MH, DH, PG and
PE attached as polar head groups. MH- and DH-archaeol were
for the first time detected at 100 m depth, in the upper ODZ,
while PG- and PE-archaeol were already detected in the upper
oxycline, although at very low relative abundance (Table 2). Every
archaeol-IPL type reached its own highest relative abundance
at a different depth in the core ODZ: MH-archaeol generally
increased in the deep ODZ, DH/PG/PE-archaeol, respectively, at
135, 200 and again at 300–350 m (Table 2).
At the open ocean station, the general distribution of the
IPLs detected was rather similar to that of the coastal station
(Table 3). Most of the crenarchaeol- and GDGT-IPLs had their
highest relative abundance at the oxycline and the upper ODZ,
which in this station corresponded to 100–125 m depth and then
their abundance decreased within the core ODZ. As observed
at the coastal station, for all HPH- and DH-GDGT-IPLs, but
not for MH-GDGT-IPLs, the relative abundances increased
sharply again at 500 m (Table 3), whilst the abundance of
MH-GDGTs showed an increase in the deepest water layer
studied (i.e., 1,000 m). In contrast with the coastal station, for
the open ocean station the maximum relative abundance often
occurred in the deep oxycline (below 300 m). This was the case
for DH-crenarchaeol, DH-GDGT-0 and -2, HPH-GDGT-1 and,
especially, -2. As for the coastal station also for the open ocean
station, the archaeol-based IPLs were prominent only in the
core ODZ (Table 3). In particular, MH- and DH-archaeol were
only detected at 155–300 m and showed their highest relative
abundance (28 and 34%, respectively) in the deep ODZ, at 300 m.
PG- and PE-archaeol, although present at all depths, also had
their highest relative abundance within the ODZ (175–300 m),
specifically at 300 m for PG-archaeol (26%) and at 235 m for
PE-archaeol (24%; Table 3).
Statistical Analysis
The archaea – IPL matrix (Figure 6 and Supplementary
Table S5) aimed to corroborate or dismiss the tentative
assignment of specific IPLs to specific archaeal groups. Both
coastal (Figure 6A and Supplementary Table S5A) and open
ocean archaea – IPL matrices (Figure 6B and Supplementary
Table S5B) revealed clear patterns of positive and negative
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FIGURE 3 | (A) Concentration profile of oxygen (O2, µmol kg−1), (B) absolute number of total archaeal 16S rRNA gene (copies L−1), and (C) percentage of the
archaeal 16S rRNA gene reads of the archaeal groups detected across the ETSP water column at the coastal station. ∗At 60 m depth only 4 of the 8,127 recovered
sequences were derived from archaea (0.1% of archaeal 16S rRNA gene reads), therefore we did not further consider this sample for analysis neither for discussion.
correlations between various archaeal groups and archaeal IPLs in
the water column of the ETSP, suggesting potential relationships
between the variables that will be discuss later in detail. The
archaea – archaea matrix identified possible biases in the
correlations between archaeal groups and IPLs (Supplementary
Figure S1 and Supplementary Table S6). The IPL – IPL matrix
revealed potentially similar sources of IPLs (Supplementary
Figure S2 and Supplementary Table S7).
DISCUSSION
The biogeochemistry of the ETSP ODZ has been extensively
studied with an emphasis on the nitrogen cycle (see Lam et al.,
2009; Canfield et al., 2010; Ulloa et al., 2012 among others).
Thaumarchaeota have attracted most of the attention among
archaea, because they perform the oxidation of ammonium to
nitrite in a broad range of O2 regimes (Coolen et al., 2007;
Lam et al., 2007, 2009; Beman et al., 2008; Molina et al., 2010;
Pitcher et al., 2011b; Bristow et al., 2016). In our study, we
observed a higher archaeal diversity in the ESTP water column
than previously reported (Quiñones et al., 2009; Belmar et al.,
2011; Stewart et al., 2011), and a clear niche occupancy of archaeal
groups (Figures 3, 4). Archaea were more abundant in the core
ODZ than in the shallow or deep oxic zones (Figures 3B, 4B).
This was particularly evident in the coastal station where the
archaeal 16S rRNA gene abundance was at least one order of
magnitude higher in the core ODZ compare to the rest of the
water column (cf. Figures 3B, 4B). This distribution overall
suggests that the archaeal groups detected within the ETSP
ODZ might have a relevant role in the biogeochemistry of these
waters. In our study, we applied a combined IPL and gene-based
approach which has already proven successful in other locations
with similar features to the ETSP, including the Arabian Sea
(Pitcher et al., 2011b; Schouten et al., 2012; Besseling et al.,
2018) and the Black Sea (Sollai et al., 2018). However, the use of
UHPLC-HRMS greatly improves the IPL approach as it makes
possible to reveal a broader IPL diversity (Wörmer et al., 2013;
Zhu et al., 2013; Xie et al., 2014; Liu et al., 2016) and its taxonomic
potential, normally a substantial limitation of the approach, thus
improving the association of these lipids with their biological
sources (Besseling et al., 2018; Lipsewers et al., 2018). Here, we
also apply a statistical analysis to tentatively assign the detected
IPLs to specific archaeal lineages.
A Diverse Thaumarchaeotal Population
Resides in the Shallow Oxic Waters, the
Upper ODZ, and in the Deep Oxic Waters
of the ETSP
Thaumarchaeota formed a prominent component of the archaeal
population from the shallow oxic waters down to the upper
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FIGURE 4 | (A) Concentration profile of oxygen (O2, mmol kg−1), (B) absolute number of total archaeal 16S rRNA gene (copies L−1), and (C) percentage of the
archaeal 16S rRNA gene reads of the archaeal groups detected across the ETSP water column at the open ocean station.
ODZ at both stations: Ca. Nitrosopelagicus was dominant
over Nitrosopumilus and MGI OTU-1 at the uppermost depth
and MGI OTU-2 (Figure 5A) was only detected in low
relative abundance (Table 1 and Figures 3C, 4C). At the
open ocean station, where sampling only started at 100 m, we
suspect the same distribution also at shallower depths. MGI
Ca. Nitrosopelagicus, although genetically closely related to
Nitrosopumilus, is expected to be better adapted to the pelagic
environment (Santoro et al., 2015). Its higher relative abundance
at the shallower depths might be due to a better response
to photo-inhibition stress or to a more efficient uptake of
ammonium (Merbt et al., 2012; Smith et al., 2014; Santoro et al.,
2015). At both stations Ca. Nitrosopelagicus tended to decrease
in relative abundance toward the upper ODZ, confirming the
preference of this group for a shallow oxic water niche (Table 1
and Figures 3C, 4C). On the contrary, at the coastal station
Nitrosopumilus maximized in the upper ODZ at 83 m (Table 1
and Figure 3C). At the open ocean stationNitrosopumilus relative
abundance remained stable down to the oxycline (18% at 125 m)
and in the upper ODZ (13% at 155 m; Figure 4C). The high
affinity of Nitrosopumilus for NH4+ (Martens-Habbena et al.,
2009) and its proven adaptability to micro to nanomolar O2
concentrations (Bristow et al., 2016) are probably among the
reasons why members of this group occupied that specific niche
at the two stations. At the open ocean station, the relative
abundance of sequences affiliated to the MGI OTU-1 increased
from the shallow oxic waters (14% at 100 m) to the oxycline
and then remained stable in the upper ODZ (ca. 20% at
125–155 m; Table 1 and Figure 4C). A higher relative abundance
of Thaumarchaeota in the oxycline/upper ETSP ODZ has been
previously reported by archaeal amoA gene copy numbers,
CARD-FISH and protein-coding transcript counts attributed to
Thaumarchaeota (Lam et al., 2009; Molina et al., 2010; Belmar
et al., 2011; Stewart et al., 2011). Additionally, the tendency of
Thaumarchaeota niche to occur at the oxycline/upper ODZ has
been described as a recurring feature in the other main ODZs
such as the eastern tropical North Pacific (ETNP) and the Arabian
Sea ODZs (Beman et al., 2008, 2012; Pitcher et al., 2011b), and
anoxic basins such as the Black Sea, the Cariaco Basin, and the
Gotland Basin of the Baltic Sea (Coolen et al., 2007; Wakeham
et al., 2012; Berg et al., 2014).
Within the core ODZ, Thaumarchaeota became a minor
component of the archaeal community at both stations, only
making up <20% of the 16S rRNA gene reads (Table 1 and
Figures 3C, 4C). Specifically, whereas MGI OTU-1 maintained
some relevance at both stations, Ca. Nitrosopelagicus and
Nitrosopumilus decreased substantially within the archaeal
population (Table 1 and Figures 3C, 4C). This pattern is
consistent with previous studies (Belmar et al., 2011; Stewart
et al., 2011) and suggests that the Thaumarchaeota were not
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FIGURE 5 | Phylogenetic trees showing the representative sequences (rep_seq, obtained by pick_rep_set.py in qiime of the OTUs picked by Usearch as specified in
the material and methods. NCBI accession numbers between parentheses) present in the ETSP of the four OTUs of Thaumarchaeota (A), and the three OTUs of
MGII and MGIII archaea (B) in relation to closely related sequences. Scale bar indicates estimated sequence divergence (i.e., 5%).
well adapted to the core ODZ, likely because of the lack
of oxygen. However, the thaumarchaeotal groups remained
detectable throughout the ODZ (Figures 3, 4). This might be
simply due to the preservation of DNA which once produced
in the surface oxic waters was transported/sink in the ODZ
where was maintained as fossil, favored by anoxia, confirming
the founding of a recent study from the Arabian Sea in which
fossil 16S rRNA and amoA gene copies were found in anoxic
sediments (Besseling et al., 2018). Interestingly, in a previous
study Peng et al. (2013) reported a higher number of amoA
gene copies in the core ETSP ODZ off the Peruvian coastline
(i.e., at 260 m) compared to the oxic surface (i.e., at 20 m) and
suggested that within the ODZ the thaumarchaeotal cells were
dormant or able to perform an alternative energetic metabolism
to aerobic ammonia oxidation to nitrite. However, the occurrence
of periodic aerobic metabolisms including ammonia oxidation,
likely fueled by episodic intrusions of O2 within the ODZ (Ulloa
et al., 2012; Bristow et al., 2016), cannot be ruled out.
At both stations, Thaumarchaeota regained relevance below
the ODZ (below 350 m at the coastal station and below 300 m
at the open ocean station) dominating the archaeal community
at those depths (Table 1 and Figures 3C, 4C). In particular, at
the coastal station, Nitrosopumilus was present low abundances,
whereas the two uncultured MGI OTUs (Figure 5A) were
particularly abundant (Table 1 and Figures 3C, 4C). The MGI
OTU-1 and OTU-2 detected in this study are closely related to
sequences previously detected in the upper oxycline, within the
ODZ and in the deep oxycline of the Northeast Subarctic Pacific
Ocean oxygen minimum zone (NESAP OMZ; Figure 5A). At the
time of sampling, the core of the NESAP ODZ was characterized
by O2 concentrations of 8.6–15 µmol kg−1 and in some cases
even reached 60 µmol kg−1 (Freeland et al., 1997; Whitney et al.,
2007). We found similar oxygen concentrations in the upper
oxycline and deep oxic waters of the ETSP (Figures 3A, 4A),
which finding supports the idea that these sequences represent
Thaumarchaeota adapted to waters with oxygen levels in the
range of approximately 9–60 µmol kg−1. In the deep oxic waters
MGI OTU-1 and MGI OTU-2 had similar abundance at the
coastal station, whereas at the open ocean the former OTU was
more abundant. However, in general these two OTUs had a much
higher relative abundance in the deep oxic water in comparison
with the archaea closely related to Nitrosopumilus and Ca.
Nitrosopelagicus. This specific ‘deep water’ niche occupancy
of the MGI has been previously observed for many locations
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including the ETSP, the ETNP and the Arabian Sea ODZs among
others, with the presence of a shallow cluster (i.e., cluster A)
genetically different from the deep water cluster (i.e., cluster B)
(Francis et al., 2005; Hallam et al., 2006; Mincer et al., 2007;
Beman et al., 2008; Santoro et al., 2010; Belmar et al., 2011;
Hu et al., 2011; Villanueva et al., 2015). Previous studies have
suggested ammonia availability as a driver of the diversification of
Thaumarchaeota in the water column (Sintes et al., 2016 among
others). However, the concentrations of ammonia reported here
throughout the water column (Figures 2C,F and Supplementary
Table S2) are low and similar, which suggests that alternative
factors other than ammonia and oxygen levels may play a role
in this differentiation.
Based on their relevant presence in the shallow oxic zone
of the ETSP, at both stations, MGI Nitrosopumilus, MGI Ca.
Nitrosopelagicus and the MGI OTU-1 are likely to be the
predominant source of the IPLs that were found in these
waters down to the upper ODZ (Table 1 and Figures 3C, 4C).
This hypothesis would be in good agreement with culture
studies of the lipidome of Nitrosopumilus which revealed that
MH/DH/HPH-GDGT-0–4 and -crenarchaeol IPLs comprise its
major membrane lipids (Schouten et al., 2008a; Elling et al., 2014,
2017). HPH-IPLs are believed to be most prone to degradation
and are therefore believed to be the best ‘life markers’ for
Thaumarchaeota (Pitcher et al., 2011a; Schouten et al., 2012).
Indeed, Elling et al. (2014) showed that HPH-crenarchaeol is
mostly synthesized when cells are actively growing (Elling et al.,
2014). Here we report that in the ETSP HPH-crenarchaeol
was especially abundant at the boundary between the upper
oxycline and the upper ODZ (75–83 m at the coastal station,
and at 125 m at the open ocean station; Tables 2, 3), which
was also where MGI Nitrosopumilus and MGI OTU-1 were
most abundant (Table 1 and Figures 3C, 4C). This suggests
that these were living populations, and confirms a preferred
niche of Nitrosopumilus and, possibly, MGI OTU-1 for suboxic
conditions. The hypothesis of the thaumarchaeotal origin of
the archaeal IPLs found in the oxic surface waters was also
confirmed by our archaea – IPLs correlation matrix (Figure 6).
Indeed, this revealed that at the coastal station both Ca.
Nitrosopelagicus and Nitrosopumilus had the highest correlation
with the MH/DH/HPH-GDGT-0–4 and -crenarchaeol IPLs
(r-value > 0.60 and > 0.50; Figure 6A and Supplementary
Table S5A). At the open ocean site instead, these positive
correlations were confirmed for Ca. Nitrosopelagicus but
somehow were less evident for Nitrosopumilus (Figure 6B and
Supplementary Table S5B). Together, our findings indicate that
both Nitrosopumilus and Ca. Nitrosopelagicus were actively
growing and suggest that they were the main contributors to the
IPL inventory in the shallow oxic and suboxic waters of the ETSP.
These IPLs (i.e., GDGT-0–4 and crenarchaeol with
MH/DH/HPH-headgroups) had been previously reported
in other similar locations, including the Arabian Sea, where
MH/DH/HPH-GDGT-0–3 and -crenarchaeol peaked in the
upper ODZ (Schouten et al., 2012), and the ETNP, where
MH/DH-GDGT-0, -2 and -crenarchaeol were also especially
abundant in the upper ODZ (Xie et al., 2014). In contrast, in the
Cariaco Basin MH-GDGT-0–3 and -crenarchaeol were detected
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FIGURE 6 | Dot plot of the correlation matrix obtained by applying a Pearson analysis to the total archaeal 16S rRNA gene reads (copies L−1) of the archaeal groups
and to the abundances of the archaeal IPLs (response units per Liter; r.u. L−1) detected at the (A) coastal and (B) open ocean stations of the ETSP. Dark blue
corresponds to +1 r-values, indicating a strong positive linear correlation between archaeal groups and IPLs; white corresponds to 0 r-values, indicating that no
correlation exists; dark red corresponds to –1 r-values, indicating a strong negative linear correlation.
in the oxycline, whereas DH-GDGT-0–3 and -crenarchaeol
were found in the deeper suboxic waters (Wakeham et al.,
2012). In the Black Sea, albeit with different individual
distributions, MH/DH/HPH-GDGT-0–4 and -crenarchaeol
were also present in the oxic surface water and remained
prominent down to the upper suboxic zone (Schubotz et al.,
2009; Sollai et al., 2018).
The PE/PG-archaeol IPLs were also detected in the shallow
oxic zone of the ETSP, although here their relative abundance was
low compared to the upper and especially the core ODZ where
they became much more abundant (below 135 m at the coastal
station and below 175 m at the open ocean station; Tables 2, 3).
All archaeal lineages thriving in the shallow oxic zone showed a
negative correlation with these IPLs, with the exception of MGI
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OTU-1 at the coastal station (r-values ca. 0.20–0.46; Figure 6 and
Supplementary Table S5) suggesting that the thaumarchaeotal
population was not strongly contributing to the synthesis of the
PE/PG-archaeol IPLs in the shallow oxic ETSP waters.
After a strong decline in the core of the ODZ, the GDGT-0–4
and crenarchaeol IPLs became prominent again in the deep
oxic waters (Tables 2, 3). However, here the distribution of the
archaeal IPLs did not revert completely to the one observed in
the shallow oxic waters; the HPH-GDGT-1, -2, DH-GDGT-0 and
-crenarchaeol became especially abundant resulting in a distinct
distribution of archaeal IPLs (Tables 2, 3). At both stations, these
four IPLs showed a strong positive correlation with each other
in the IPL – IPL matrix, suggesting a common thaumarchaeotal
origin (Supplementary Figure S2 and Supplementary Table S7).
At the open ocean station the HPH-GDGT-2 was especially
prominent with a distinct maximum in its relative abundance at
500 m (Table 3) that was almost three times higher than in the
shallow oxic waters. Earlier studies from other oceanic regions
have shown that the fractional abundance of GDGT-2 relative to
other core GDGTs increases with increasing water depth and that
this trend is more pronounced for IPL-GDGTs as for CL-GDGTs
(Taylor et al., 2013; Hernández-Sánchez et al., 2014; Kim et al.,
2015, 2016; Villanueva et al., 2015). Since at these depths the
GDGT-2 was mostly found attached to the HPH headgroup (the
most labile form for an archaeal IPLs) we infer that GDGT-2
was likely actively produced in the deep oxic waters of the ETSP.
At the open ocean site the abundance of HPH-GDGT-2 had a
highly positive correlation with the copy number of MGI OTU-2,
and to a slightly lesser degree, of MGI OTU-1 (Figure 6B and
Supplementary Table S5), the two Thaumarchaeota thriving in
the deep oxic zone. Positive correlations were also observed
between these two thaumarchaeotal groups and DH- and
HPH-GDGT-0, -GDGT-1, and -crenarchaeol. At the coastal site,
these correlations were not as evident, although most of the IPLs
named above showed a clear sub-maximum at 500 m (Table 2).
This might be due to the fact that all the four different groups of
Thaumarchaeota detected, produce the same type of IPLs but in
a different distribution. Overall these results suggest that the IPLs
found in the deep oxic zone of the ETSP were synthesized by the
thaumarchaeotal groups detected at those depths (Figure 6 and
Supplementary Table S5).
Marine Euryarchaeota Group II (MGII)
Co-exists With the Shallow and Deep
Thaumarchaeotal Populations
At the coastal station the MGII population was formed by two
uncultured OTUs, whose abundance increased with depth. At
75 m MGII had become the second most abundant archaeal
group after the Thaumarchaeota accounting for 47% of the total
archaeal reads, and MGII OTU-1 was clearly dominant over
MGII OTU-2 (41% compared to 6%). At the open ocean site,
the MGII shallow population included a third OTU (i.e., MGII
OTU-3) that was not found at the coastal station (cf. Figure 3C).
At this station MGII OTU-2 was clearly the most abundant MGII
OTU (14–18% compared to ca. 4% of MGII OTU-1 and ca.
5% of MGII OTU-3; Table 1 and Figure 4C). The distribution
displayed by MGII in the shallow oxic waters and upper ODZ
of the ETSP at both stations agrees with precedent reports in
which the group was found as particularly prominent from the
shallow oxic waters (ca. 0–50 m) down to the core ODZ (to ca.
200 m), although to a lower extent (Quiñones et al., 2009; Belmar
et al., 2011). This suggests that, especially at the open ocean
station where the sampling started from 100 m depth, the group
might have been present also in shallower oxic waters (Hugoni
et al., 2013). In fact, MGII are believed to have a heterotrophic
lifestyle and a putative proteorhodopsin gene, whose expressed
protein, powered by light, would allow the cells to move toward
preferential food sources, has been found in the genomes of MGII
detected in the photic zones in the North Pacific Ocean (Frigaard
et al., 2006; Iverson et al., 2012). Their abundance in the shallow
ETSP is also in line with findings from other locations worldwide
(Massana et al., 2000; Galand et al., 2009; Iverson et al., 2012;
Podlaska et al., 2012).
The sequences affiliated to MGII OTU-1 and MGII OTU-2
detected by this study were closely related to those previously
detected in the ETSP and in the Saanich inlet at 100 m depth,
and to sequences detected in the NESAP oxygen minimum zone
(OMZ) at various depths (Figure 5B). Finally, sequences affiliated
to the MGII OTU-3 detected in this study were closely related to
those previously amplified in the north Pacific subtropical gyre
(NPSG; Figure 5B).
In the core ODZ, the MGII archaea decreased drastically,
accounting for <12% of the total archaeal 16S rRNA reads at the
coastal station and <10% at the open ocean station and only at
specific depths (Table 1 and Figures 3C, 4C), meaning that as
for the Thaumarchaeota also the MGII were not well adapted to
the core ODZ environment and in fact the group was only barely
detected throughout the ODZ (Table 1 and Figures 3C, 4C).
In the deep oxic waters below the ODZ, the MGII archaea
regained importance especially as MGII OTU-2 at the coastal
station (29–32% of the total archaeal reads) and as MGII OTU-1
(14–21%) and MGII OTU-2 (6–13%) at the open ocean site
(Table 1 and Figures 3C, 4C). The relative change in the
composition of the MGII population from the shallow oxic waters
and upper ODZ to the deep oxic waters was not as obvious as for
the MGI population. Indeed, only the relative abundance of the
MGII population was affected but not their composition (Table 1
and Figures 3C, 4C), indicating their ability to adapt to both the
surface and to the deep sea rather than the differentiation of a
specific deep MGII population. MGII-affiliated sequences have
been detected in the deep waters of multiple locations worldwide;
however, this group is typically more abundant in shallow waters
(Frigaard et al., 2006; Baker et al., 2013; Deschamps et al.,
2014). Interestingly, these studies the genomes of the MGII
archaea thriving in deep waters did not harbor any homolog of
the proteorhodopsin gene found in the shallow MGII ecotypes,
but were found to hold multiple genes typical of heterotrophic
prokaryotes involved in amino acid, carbohydrate and lipid
transport and metabolism (Deschamps et al., 2014).
The appointment of specific IPLs to the MGII ETSP
population was problematic because of the lack of pure
cultures of this lineage and, accordingly, previous attempts
to do so remain not conclusive to date (Turich et al., 2007;
Frontiers in Microbiology | www.frontiersin.org 15 April 2019 | Volume 10 | Article 765
fmicb-10-00765 April 10, 2019 Time: 14:19 # 16
Sollai et al. Archaeal Membrane Lipids Within ODZ
Schouten et al., 2008b, 2014; Lincoln et al., 2014). At both
stations, MGII archaea and Thaumarchaeota occupied the same
niche in the ETSP waters (Table 1 and Figures 3C, 4C).
At the coastal station, copy numbers of MGII OTU-1 were
positively correlated with those of Ca. Nitrosopelagicus, MGI
OTU-1 and, especially Nitrosopumilus, whereas MGII OTU-
2 correlated positively with the two “uncultured” MGI OTUs
(Supplementary Figure S1A and Supplementary Table S6A).
At the open ocean station, the MGII OTU-1 correlated highly
positively with the two “uncultured” MGI OTUs. MGII OTU-
2 scored highly positive with Nitrosopumilus and MGI OTU-1,
and MGII OTU-3 with Ca. Nitrosopelagicus and Nitrosopumilus
(Supplementary Figure S1B and Supplementary Table S6B).
Because of the co-occurrence of the MGI and MGII groups in
the ETSP waters, the positive correlation emerging from the
archaea – IPL matrix between MGII OTU-1, MGII OTU-3 and
some of the GDGT IPLs detected cannot be safely used to appoint
these IPLs to the MGII affiliates (Figure 6 and Supplementary
Table S5). Confirmation from pure culture experiments is needed
as in the case of Thaumarchaeota.
Marine Euryarchaeota Group III (MGIII)
and DPANN Woesearchaeota Thrive in
the ODZ of the ETSP Water Column
At both stations MGIII accounted for 40–70% of the total
archaeal diversity in the core ODZ, depending on the depth
(Table 1 and Figures 3C, 4C). MGIII archaea had been previously
detected within the ETSP ODZ (Belmar et al., 2011; Stewart et al.,
2011) and in suboxic and euxinic waters of the Black Sea (Sollai
et al., 2018), although in these cases the group did not represent
such a large part of the archaeal community as reported in this
study (Table 1 and Figures 3C, 4C). Metagenomic studies have
found evidence of fermentation-related genes, including those
potentially involved in the metabolism of peptide and lipids,
in the genomes of many MGIII archaea, suggesting that they
might be facultative anaerobes (Martin-Cuadrado et al., 2008).
Previous studies have also detected MGIII archaea in the marine
photic zone; their genomes containing numerous photolyase and
rhodopsin genes and suggesting a photoheterotrophic lifestyle
(Martin-Cuadrado et al., 2008; Galand et al., 2009; Haro-Moreno
et al., 2017). In the ETSP, the MGIII archaea were also present in
the shallow oxic zone at both stations, with all three OTUs, but
they represented only a minor group.
The three MGIII OTUs found in this study were closely related
to sequences previously detected in the deep-sea waters and at
various depths in the NESAP OMZ (Figure 5B). Therefore it
seems that depth does not play a role in the distribution of these
archaea, and oxygen concentration instead might have a key role.
In the deep oxic waters of the ETSP, the MGIII archaea, mostly
represented as MGIII OTU-3, became a minor group, accounting
for not more than 15% of the total archaeal reads at both stations
(Table 1 and Figures 3C, 4C). The presence of MGIII OTU-3
throughout the ETSP water column suggests higher adaptability
of this OTU to different water conditions compared with the
other MGIII OTUs detected.
Members of the DPANN superphylum are increasingly
reported in anoxic water columns including the ETSP ODZ, and
the Black Sea (Belmar et al., 2011; Sollai et al., 2018). In the ETSP,
Belmar et al. (2011) detected a sequence related to the DPANN
DHVE-5 group within the ODZ (Belmar et al., 2011). In this
study, we report the presence of the DPANN Woesearchaeota
DHVE-6 group as a major component of the archaeal ETSP ODZ
community (accounting for 10–26% of the total archaeal reads in
the core ODZ; Table 1 and Figures 3C, 4C). Recently, this same
group was also found to be prominent in the euxinic waters of
the Black Sea (Sollai et al., 2018), in the euxinic surface marine
sediments of Lake Grevelingen in Netherlands (Lipsewers et al.,
2018), in the anoxic surface sediments below the Arabian Sea
ODZ (Besseling et al., 2018), as well as in lacustrine and estuarine
systems (Ortiz-Alvarez and Casamayor, 2016; Lazar et al., 2017).
Although their metabolic traits are still largely unknown, DPANN
archaea are likely to depend greatly on others for their metabolic
needs due to the reported small size of their cells and genomes
(Rinke et al., 2013; Castelle et al., 2015).
At both stations the archaeol-IPLs were hardly detected in
the shallow oxic waters and in the upper ODZ, but became
the most prominent archaeal IPL group within the core ODZ
(Tables 2, 3). This is the first study to report archaeol-IPLs within
the core of one of the main ODZs worldwide. Archaeol-IPLs have
been previously detected in suboxic and euxinic waters and in
microbial mats in the Black Sea (Rossel et al., 2008; Sollai et al.,
2018), but not in the ETNP (Xie et al., 2014), nor in the Arabian
Sea ODZs (Schouten et al., 2012). In the ETSP, all archaeol-IPLs
maximized within the core ODZ, while the GDGT-0–4 and
crenarchaeol-IPLs instead drastically decreased (Tables 2, 3).
The abundance of archaeol-IPLs correlated positively with
each other in the IPL – IPL matrix but negatively with the
GDGT-0–4 and crenarchaeol IPLs. This strongly suggests a
common origin for the archaeol-IPLs distinct from that of
the other IPLs (Supplementary Figure S2 and Supplementary
Table S7). In addition, the copy numbers of both MGIII and
DPANN archaea correlated positively with all archaeol-IPLs
and negatively with the GDGT-0–4 and crenarchaeol-IPLs
(Figure 6 and Supplementary Table S5). Since neither MGIII
nor Woesearchaeota cultures are yet available, we suggest, by
combining the result of the correlation analysis and the known
metabolic features of the two archaeal groups, that MGIII archaea
were primarily responsible for synthesizing the archaeol-IPLs
detected in the ETSP ODZ. Most of the currently available
genomes of DPANN archaea lack most, if not all, the genes coding
for the enzymes of the archaeal lipid biosynthetic pathway with
the exception of the genomes of the phylum Ca. Micrarchaeota
and the genome ofCa. Iainarchaeum andersonii (Jahn et al., 2004;
Villanueva et al., 2017). Therefore, it is likely that the DPANN
Woesearchaeota (i.e., DHVE-6) detected in this study within the
core of the ETSP ODZ did not have the ability to synthesize their
own archaeal membrane lipids and were dependent on others
to acquire a membrane, being MGIII the most likely candidate
for the synthesis of the archaeol-IPLs. If so, the MGIII-derived
lipids might also be the source of the membrane of the DPANN
Woesearchaeota present in the ETSP ODZ. A recent study has
described a relationship of dependency between an acidophilic
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archaeon of the ARMAN group belonging to the DPANN
superphylum and a representative of Thermoplasmatales, the
order to which the MGIII group belongs (Golyshina et al.,
2017). According with this study many fundamental metabolic
pathways, including phospholipid biosynthesis, were absent in
the ARMAN archaeon and the authors assumed a mutualistic
interaction between the two archaea that included gene transfer,
an evidence that might corroborate our speculation of some
sort of symbiosis/parasitic lifestyle between the MGIII and the
DPANN Woesearchaeota.
CONCLUSION
Our study expands the knowledge on the archaeal community
thriving in the ETSP region, including its ODZ. We have
found that this region harbors a highly diverse assemblage of
archaeal lineages that are distributed across the water column
according to a clear depth partitioning. This seems to be
mostly depending on the oxygen changing concentration across
the water column. We also shade light for the first time
on the IPLs synthesized by these archaeal communities; the
IPL distribution follows similar depth segregation as that of
the archaeal lineages detected, and we tentatively assigned
specific IPLs to specific archaeal groups based on statistical
evidence. Specifically, HPH-crenarchaeol, the specific biomarker
for living Thaumarchaeota, HPH-GDGT-0, DH-GDGT-3 and
-4 were likely synthesized by Thaumarchaeota related to Ca.
Nitrosopelagicus and Nitrosopumilus from the shallow oxic
waters and the upper ODZ. MGII affiliated sequences were
also abundant in the shallow oxic ETSP, but we could not
assign specific IPLs to this group. MGIII dominated the archaeal
community within the core ODZ together with DPANN archaea,
but the former group was the one likely synthesizing the
archaeol-IPLs there detected. MGIII might have also provided
the membrane lipids to the DPANN Woesearchaeota group,
which is predicted to lack lipid biosynthetic pathways. In the
deep oxic waters below the ODZ, the composition of the
deep MGI and MGII archaeal populations was different from
the shallow one, being mostly represented by uncultured MGI
and MGII OTUs. The MGI OTU-1 and MGI OTU-2 archaea
synthesized a different suite of IPLs, which was characterized
by higher proportions of HPH-GDGT-1, -2 and DH-GDGT-0
and crenarchaeol.
AUTHOR CONTRIBUTIONS
JSD, MS, and LV generated hypothesis and planned experiments.
RK and his team performed the field work. MS and EH performed
lipid analyses. LV performed the amplicon sequencing. MS, LV,
and JSD interpreted the data and wrote the manuscript. All
authors provided comments on the text.
FUNDING
This research was funded by a grant to JSD from the Darwin
Center for Biogeosciences (Project Number 3012) and an
US-NSF award to RK. This research was further supported
by the NESSC and SIAM Gravitation Grants (024.002.001 and
024.002.002) from the Dutch Ministry of Education, Culture and
Science (OCW) to JSD.
ACKNOWLEDGMENTS
We thank the captain and the crew of theR/VNathaniel B. Palmer
for assistance and technical support and the chief scientists, Allan
H. Devol and Bess B. Ward, for organizing and supervising the
NBP13-05 cruise. Additional thanks are due to Anna Rabitti and
Borja Aguiar-González for helpful discussion and comments on
the physical features of the ETSP water column.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.00765/full#supplementary-material
REFERENCES
Adam, P. S., Borrel, G., Brochier-Armanet, C., and Gribaldo, S. (2017). The
growing tree of Archaea: new perspectives on their diversity, evolution and
ecology. ISME J. 11, 2407–2425. doi: 10.1038/ismej.2017.122
Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic
local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-
2836(05)80360-2
Baker, B. J., Sheik, C. S., Taylor, C. A., Jain, S., Bhasi, A., Cavalcoli, J. D., et al. (2013).
Community transcriptomic assembly reveals microbes that contribute to deep-
sea carbon and nitrogen cycling. ISME J. 7, 1962–1973. doi: 10.1038/ismej.
2013.85
Bano, N., Ruffin, S., Ransom, B., and Hollibaugh, J. T. (2004). Phylogenetic
Composition of Arctic Ocean Archaeal Assemblages and Comparison with
Antarctic Assemblages. Appl. Environ. Microbiol. 70, 781–789. doi: 10.1128/
AEM.70.2.781-789.2004
Belmar, L., Molina, V., and Ulloa, O. (2011). Abundance and phylogenetic identity
of archaeoplankton in the permanent oxygen minimum zone of the eastern
tropical South Pacific. FEMS Microbiol. Ecol. 78, 314–326. doi: 10.1111/j.1574-
6941.2011.01159.x
Beman, J. M., Popp, B. N., and Alford, S. E. (2012). Quantification of ammonia
oxidation rates and ammonia-oxidizing archaea and bacteria at high resolution
in the Gulf of California and eastern tropical North Pacific Ocean. Limnol.
Oceanogr. 57, 711–726. doi: 10.4319/lo.2012.57.3.0711
Beman, J. M., Popp, B. N., and Francis, C. A. (2008). Molecular and biogeochemical
evidence for ammonia oxidation by marine Crenarchaeota in the Gulf of
California. ISME J. 2, 429–441. doi: 10.1038/ismej.2007.118
Berg, C., Vandieken, V., Thamdrup, B., and Jurgens, K. (2014). Significance of
archaeal nitrification in hypoxic waters of the Baltic Sea. ISME J. 9, 1319–1332.
doi: 10.1038/ismej.2014.218
Besseling, M. A., Hopmans, E. C., Sinninghe Damsté, J. S., and Villanueva, L.
(2018). Benthic Archaea as potential sources of tetraether membrane lipids
in sediments across an oxygen minimum zone. Biogeosciences 15, 4047–4064.
doi: 10.5194/bg-15-4047-2018
Biddle, J. F., Lipp, J. S., Lever, M. A., Lloyd, K. G., Sørensen, K. B.,
Anderson, R., et al. (2006). Heterotrophic Archaea dominate sedimentary
Frontiers in Microbiology | www.frontiersin.org 17 April 2019 | Volume 10 | Article 765
fmicb-10-00765 April 10, 2019 Time: 14:19 # 18
Sollai et al. Archaeal Membrane Lipids Within ODZ
subsurface ecosystems off Peru. Proc. Natl. Acad. Sci. U.S.A. 103, 3846–3851.
doi: 10.1073/pnas.0600035103
Bristow, L. A., Dalsgaard, T., Tiano, L., Mills, D. B., Bertagnolli, A. D., Wright,
J. J., et al. (2016). Ammonium and nitrite oxidation at nanomolar oxygen
concentrations in oxygen minimum zone waters. Proc. Natl. Acad. Sci. U.S.A.
113, 10601–10606. doi: 10.1073/pnas.1600359113
Brochier-Armanet, C., Boussau, B., Gribaldo, S., and Forterre, P. (2008).
Mesophilic Crenarchaeota: proposal for a third archaeal phylum, the
Thaumarchaeota. Nat. Rev. Microbiol. 6, 245–252. doi: 10.1038/nrmicro1852
Canfield, D. E., Stewart, F. J., Thamdrup, B., De Brabandere, L., Dalsgaard, T.,
Delong, E. F., et al. (2010). A cryptic sulfur cycle in oxygen-minimum-zone
waters off the Chilean coast. Science 330, 1375–1378. doi: 10.1126/science.
1196889
Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D.,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/
nmeth0510-335
Castañeda, I. S., and Schouten, S. (2011). A review of molecular organic proxies
for examining modern and ancient lacustrine environments. Quat. Sci. Rev. 30,
2851–2891. doi: 10.1016/j.quascirev.2011.07.009
Castelle, C. J., Wrighton, K. C., Thomas, B. C., Hug, L. A., Brown, C. T., Wilkins,
M. J., et al. (2015). Genomic expansion of domain archaea highlights roles for
organisms from new phyla in anaerobic carbon cycling. Curr. Biol. 25, 690–701.
doi: 10.1016/j.cub.2015.01.014
Coolen, M. J. L., Abbas, B., Van Bleijswijk, J., Hopmans, E. C., Kuypers, M. M. M.,
Wakeham, S. G., et al. (2007). Putative ammonia-oxidizing Crenarchaeota
in suboxic waters of the Black Sea: a basin-wide ecological study using 16S
ribosomal and functional genes and membrane lipids. Environ. Microbiol. 9,
1001–1016. doi: 10.1111/j.1462-2920.2006.01227.x
DeLong, E. F. (1992). Archaea in coastal marine environments. Proc. Natl. Acad.
Sci. U.S.A. 89, 5685–5689. doi: 10.1073/pnas.89.12.5685
Deschamps, P., Zivanovic, Y., Moreira, D., Rodriguez-Valera, F., and López-
García, P. (2014). Pangenome evidence for extensive interdomain horizontal
transfer affecting lineage coreandshell genes inuncultured planktonic
thaumarchaeota and euryarchaeota. Genome Biol. Evol. 6, 1549–1563.
doi: 10.1093/gbe/evu127
Eglinton, T. I., and Eglinton, G. (2008). Molecular proxies for paleoclimatology.
Earth Planet. Sci. Lett. 275, 1–16. doi: 10.1016/j.epsl.2008.07.012
Elling, F. J., Könneke, M., Lipp, J. S., Becker, K. W., Gagen, E. J., and Hinrichs, K.-
U. (2014). Effects of growth phase on the membrane lipid composition of the
thaumarchaeon Nitrosopumilus maritimus and their implications for archaeal
lipid distributions in the marine environment. Geochim. Cosmochim. Acta 141,
579–597. doi: 10.1016/j.gca.2014.07.005
Elling, F. J., Könneke, M., Nicol, G. W., Stieglmeier, M., Bayer, B., Spieck, E.,
et al. (2017). Chemotaxonomic characterisation of the thaumarchaeal lipidome.
Environ. Microbiol. 19, 2681–2700. doi: 10.1111/1462-2920.13759
Eloe-Fadrosh, E. A., Ivanova, N. N., Woyke, T., and Kyrpides, N. C. (2016).
Metagenomics uncovers gaps in amplicon-based detection of microbial
diversity. Nat. Microbiol. 1:15032. doi: 10.1038/nmicrobiol.2015.32
Eme, L., and Ford Doolittle, W. (2015). Microbial diversity: a bonanza of phyla.
Curr. Biol. 25, R227–R230. doi: 10.1016/j.cub.2014.12.044
Francis, C. A., Roberts, K. J., Beman, J. M., Santoro, A. E., and Oakley, B.
(2005). Ubiquity and diversity of ammonia-oxidizing archaea in water columns
and sediments of the ocean. Proc. Natl. Acad. Sci. U.S.A. 102, 14683–14688.
doi: 10.1073/pnas.0506625102
Freeland, H., Denman, K. L., Wong, C. S., Whitney, F., and Jacques, R. (1997).
Evidence of change in the winter mixed layer in the Northeast Pacific Ocean.
Deep Sea Res. Part I 44, 2117–2129. doi: 10.1016/S0967-0637(97)00083-6
Frigaard, N.-U. U., Martinez, A., Mincer, T. J., and DeLong, E. F. (2006).
Proteorhodopsin lateral gene transfer between marine planktonic Bacteria and
Archaea. Nature 439, 847–850. doi: 10.1038/Nature04435
Fuhrman, J. A., McCallum, K., and Davis, A. A. (1992). Novel major archaebacterial
group from marine plankton. Nature 356, 148–149. doi: 10.1038/356148a0
Galand, P. E., Casamayor, E. O., Kirchman, D. L., Potvin, M., and Lovejoy, C.
(2009). Unique archaeal assemblages in the Arctic Ocean unveiled by massively
parallel tag sequencing. ISME J. 3, 860–869. doi: 10.1038/ismej.2009.85
Golyshina, O. V., Toshchakov, S. V., Makarova, K. S., Gavrilov, S. N., Korzhenkov,
A. A., La Cono, V., et al. (2017). “ARMAN” archaea depend on association
with euryarchaeal host in culture and in situ. Nat. Commun. 8, 1–11.
doi: 10.1038/s41467-017-00104-7
Hallam, S. J., Mincer, T. J., Schleper, C., Preston, C. M., Roberts, K., Richardson,
P. M., et al. (2006). Pathways of carbon assimilation and ammonia oxidation
suggested by environmental genomic analyses of marine Crenarchaeota. PLoS
Biol. 4:e437. doi: 10.1371/journal.pbio.0040095
Haro-Moreno, J. M., Rodriguez-Valera, F., López-García, P., Moreira, D.,
and Martin-Cuadrado, A.-B. (2017). New insights into marine group III
Euryarchaeota, from dark to light. ISME J. 11, 1102–1117. doi: 10.1038/ismej.
2016.188
Harvey, H. R., Fallon, R. D., and Patton, J. S. (1986). The effect of organic
matter and oxygen on the degradation of bacterial membrane lipids in marine
sediments.Geochim. Cosmochim. Acta 50, 795–804. doi: 10.1016/0016-7037(86)
90355-8
Hernández-Sánchez, M. T., Woodward, E. M. S., Taylor, K. W. R., Henderson,
G. M., and Pancost, R. D. (2014). Variations in GDGT distributions through
the water column in the South East Atlantic Ocean. Geochim. Cosmochim. Acta
132, 337–348. doi: 10.1016/j.gca.2014.02.009
Hinrichs, K.-U., Summons, R. E., Orphan, V. J., Sylva, S. P., and Hayes, J. M. (2000).
Molecular and isotopic analysis of anaerobic methane- oxidizing communities
in marine sediments. Org. Geochem. 31, 1685–1701.
Horak, R. E. A., Ruef, W., Ward, B. B., and Devol, A. H. (2016). Expansion of
denitrification and anoxia in the eastern tropical North Pacific from 1972 to
2012. Geophys. Res. Lett. 43, 5252–5260. doi: 10.1002/2016GL068871
Hu, A., Jiao, N., Zhang, R., and Yang, Z. (2011). Niche partitioning of marine group
I Crenarchaeota in the euphotic and upper mesopelagic zones of the East China
Sea. Appl. Environ. Microbiol. 77, 7469–7478. doi: 10.1128/AEM.00294-11
Hugoni, M., Taib, N., Debroas, D., Domaizon, I., Jouan Dufournel, I., Bronner, G.,
et al. (2013). Structure of the rare archaeal biosphere and seasonal dynamics
of active ecotypes in surface coastal waters. Proc. Natl. Acad. Sci. U.S.A. 110,
6004–6009. doi: 10.1073/pnas.1216863110
Iverson, V., Morris, R. M., Frazar, C. D., Berthiaume, C. T., Morales, R. L., and
Armbrust, E. V. (2012). Untangling genomes from metagenomes: revealing an
uncultured class of marine euryarchaeota. Science 335, 587–590. doi: 10.1126/
science.1212665
Jahn, U., Summons, R., Sturt, H., Grosjean, E., and Huber, H. (2004). Composition
of the lipids of Nanoarchaeum equitans and their origin from its host Ignicoccus
sp. strain KIN4/I. Arch. Microbiol. 182, 404–413. doi: 10.1007/s00203-004-
0725-x
Karner, M. B., DeLong, E. F., and Karl, D. M. (2001). Archaeal dominance in
the mesopelagic zone of the Pacific Ocean. Nature 409, 507–510. doi: 10.1038/
35054051
Kim, J. H., Schouten, S., Rodrigo-Gámiz, M., Rampen, S., Marino, G., Huguet, C.,
et al. (2015). Influence of deep-water derived isoprenoid tetraether lipids on the
TEX86H paleothermometer in the Mediterranean Sea. Geochim. Cosmochim.
Acta 150, 125–141. doi: 10.1016/j.gca.2014.11.017
Kim, J. H., Villanueva, L., Zell, C., and Sinninghe Damsté, J. S. (2016). Biological
source and provenance of deep-water derived isoprenoid tetraether lipids along
the Portuguese continental margin. Geochim. Cosmochim. Acta 172, 177–204.
doi: 10.1016/j.gca.2015.09.010
Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al.
(2013). Evaluation of general 16S ribosomal RNA gene PCR primers for classical
and next-generation sequencing-based diversity studies. Nucleic Acids Res. 41,
1–11. doi: 10.1093/nar/gks808
Könneke, M., Bernhard, A. E., de la Torre, J. R., Walker, C. B., Waterbury, J. B.,
and Stahl, D. A. (2005). Isolation of an autotrophic ammonia-oxidizing marine
archaeon. Nature 437, 543–546. doi: 10.1038/nature03911
Kuypers, M. M. M., Blokker, P., Erbacher, J., Kinkel, H., Pancost, R. D.,
Schouten, S., et al. (2001). Massive expansion of marine archaea during a mid-
Cretaceous oceanic anoxic event. Science 293, 92–95. doi: 10.1126/science.105
8424
Lam, P., Jensen, M. M., Lavik, G., McGinnis, D. F., Müller, B., Schubert, C. J.,
et al. (2007). Linking crenarchaeal and bacterial nitrification to anammox in
the Black Sea. Proc. Natl. Acad. Sci. U.S.A. 104, 7104–7109. doi: 10.1073/pnas.
0611081104
Lam, P., and Kuypers, M. M. M. (2011). Microbial nitrogen cycling processes in
oxygen minimum zones. Ann. Rev. Mar. Sci. 3, 317–345. doi: 10.1146/annurev-
marine-120709-142814
Frontiers in Microbiology | www.frontiersin.org 18 April 2019 | Volume 10 | Article 765
fmicb-10-00765 April 10, 2019 Time: 14:19 # 19
Sollai et al. Archaeal Membrane Lipids Within ODZ
Lam, P., Lavik, G., Jensen, M. M., van de Vossenberg, J., Schmid, M. C.,
Woebken, D., et al. (2009). Revising the nitrogen cycle in the Peruvian oxygen
minimum zone. Proc. Natl. Acad. Sci. U.S.A. 106, 4752–4757. doi: 10.1073/pnas.
0812444106
Lazar, C. S., Baker, B. J., Seitz, K. W., and Teske, A. P. (2017). Genomic
reconstruction of multiple lineages of uncultured benthic archaea suggests
distinct biogeochemical roles and ecological niches. ISME J. 11, 1118–1129.
doi: 10.1038/ismej.2016.189
Lengger, S. K., Hopmans, E. C., Reichart, G.-J., Nierop, K. G. J., Sinninghe Damsté,
J. S., and Schouten, S. (2012). Intact polar and core glycerol dibiphytanyl
glycerol tetraether lipids in the Arabian Sea oxygen minimum zone. Part II.
Selective preservation and degradation in the water column and consequences
for the TEX86. Geochim. Cosmochim. Acta 98, 244–258. doi: 10.1016/j.gca.2012.
05.003
Lincoln, S. A., Wai, B., Eppley, J. M., Church, M. J., Summons, R. E., and DeLong,
E. F. (2014). Planktonic Euryarchaeota are a significant source of archaeal
tetraether lipids in the ocean. Proc. Natl. Acad. Sci. U.S.A. 111, 9858–9863.
doi: 10.1073/pnas.1409439111
Lipsewers, Y. A., Bale, N. J., Hopmans, E. C., Schouten, S., Sinninghe Damsté, J. S.,
Villanueva, L., et al. (2014). Seasonality and depth distribution of the abundance
and activity of ammonia oxidizing microorganisms in marine coastal sediments
(North Sea). Front. Ecol. Environ. 5:472. doi: 10.3389/fmicb.2014.00472
Lipsewers, Y. A., Hopmans, E. C., Sinninghe Damsté, J. S., and Villanueva, L.
(2018). Potential recycling of thaumarchaeotal lipids by DPANN Archaea in
seasonally hypoxic surface marine sediments. Org. Geochem. 119, 101–109.
doi: 10.1016/j.orggeochem.2017.12.007
Liu, X. L., Birgel, D., Elling, F. J., Sutton, P. A., Lipp, J. S., Zhu, R., et al. (2016).
From ether to acid: a plausible degradation pathway of glycerol dialkyl glycerol
tetraethers. Geochim. Cosmochim. Acta 183, 138–152. doi: 10.1016/j.gca.2016.
04.016
López-García, P., Moreira, D., López-López, A., and Rodriguez-Valera, F. (2001).
A novel haloarchaeal-related lineage is widely distributed in deep oceanic
regions. Environ. Microbiol. 3, 72–78. doi: 10.1046/j.1462-2920.2001.00162.x
Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Yadhukumar, A., et al.
(2004). ARB: a software environment for sequence data. Nucleic Acids Res. 32,
1363–1371. doi: 10.1093/nar/gkh293
Marine, R., McCarren, C., Vorrasane, V., Nasko, D., Crowgey, E., Polson, S. W.,
et al. (2014). Caught in the middle with multiple displacement amplification:
the myth of pooling for avoiding multiple displacement amplification bias in a
metagenome. Microbiome 2, 1–8. doi: 10.1186/2049-2618-2-3
Martens-Habbena, W., Berube, P. M., Urakawa, H., de la Torre, J. R., and Stahl,
D. A. (2009). Ammonia oxidation kinetics determine niche separation of
nitrifying Archaea and Bacteria.Nature 461, 976–979. doi: 10.1038/nature08465
Martin-Cuadrado, A.-B., Rodriguez-Valera, F., Moreira, D., Alba, J. C., Ivars-
Martínez, E., Henn, M. R., et al. (2008). Hindsight in the relative abundance,
metabolic potential and genome dynamics of uncultivated marine archaea
from comparative metagenomic analyses of bathypelagic plankton of different
oceanic regions. ISME J. 2, 865–886. doi: 10.1038/ismej.2008.40
Massana, R., DeLong, E. F., and Pedros-Alio, C. (2000). A few cosmopolitan
phylotypes dominate planktonic archaeal assemblages in widely different
oceanic provinces. Appl. Environ. Microbiol. 66, 1777–1787.
Meador, T. B., Bowles, M., Lazar, C. S., Zhu, C., Teske, A. P., and Hinrichs, K.-U.
(2015). The archaeal lipidome in estuarine sediment dominated by members of
the Miscellaneous Crenarchaeotal Group. Environ. Microbiol. 17, 2441–2458.
doi: 10.1111/1462-2920.12716
Merbt, S. N., Stahl, D. A., Casamayor, E. O., Martí, E., Nicol, G. W., and Prosser,
J. I. (2012). Differential photoinhibition of bacterial and archaeal ammonia
oxidation. FEMS Microbiol. Lett. 327, 41–46. doi: 10.1111/j.1574-6968.2011.
02457.x
Mincer, T. J., Church, M. J., Taylor, L. T., Preston, C. M., Karl, D. M., and
DeLong, E. F. (2007). Quantitative distribution of presumptive archaeal
and bacterial nitrifiers in Monterey Bay and the North Pacific Subtropical
Gyre. Environ. Microbiol. 9, 1162–1175. doi: 10.1111/j.1462-2920.2007.
01239.x
Molina, V., Belmar, L., and Ulloa, O. (2010). High diversity of ammonia-oxidizing
archaea in permanent and seasonal oxygen-deficient waters of the eastern
South Pacific. Environ. Microbiol. 12, 2450–2465. doi: 10.1111/j.1462-2920.
2010.02218.x
Moore, E. K., Villanueva, L., Hopmans, E. C., Rijpstra, W. I. C., Mets, A.,
Dedysh, S. N., et al. (2015). Abundant trimethylornithine lipids and specific
gene sequences are indicative of planctomycete importance at the oxic/anoxic
interface in sphagnum-dominated northern wetlands. Appl. Environ. Microbiol.
81, 6333–6344. doi: 10.1128/AEM.00324-15
Offre, P., Spang, A., and Schleper, C. (2013). Archaea in biogeochemical cycles.
Annu. Rev. Microbiol. 67, 437–457. doi: 10.1146/annurev-micro-092412-
155614
Orphan, V. J., House, C. H., and Hinrichs, K.-U. (2001). Methane-consuming
archaea revealed by directly coupled isotopic and phylogenetic analysis. Science
293, 484–488. doi: 10.1126/science.1061338
Ortiz-Alvarez, R., and Casamayor, E. O. (2016). High occurrence of Pacearchaeota
and Woesearchaeota (Archaea superphylum DPANN) in the surface waters
of oligotrophic high-altitude lakes. Environ. Microbiol. Rep. 8, 210–217.
doi: 10.1111/1758-2229.12370
Peng, X., Jayakumar, A., and Ward, B. B. (2013). Community composition of
ammonia-oxidizing archaea from surface and anoxic depths of oceanic oxygen
minimum zones. Front. Microbiol. 4:177. doi: 10.3389/fmicb.2013.00177
Pinto, A. J., and Raskin, L. (2012). PCR biases distort bacterial and archaeal
community structure in pyrosequencing datasets. PLoS One 7:e43093. doi: 10.
1371/journal.pone.0043093
Pitcher, A., Hopmans, E. C., Mosier, A. C., Park, S. J., Rhee, S. K., Francis, C. A.,
et al. (2011a). Core and intact polar glycerol dibiphytanyl glycerol tetraether
lipids of ammonia-oxidizing Archaea enriched from marine and estuarine
sediments. Appl. Environ. Microbiol. 77, 3468–3477. doi: 10.1128/AEM.
02758-10
Pitcher, A., Villanueva, L., Hopmans, E. C., Schouten, S., Reichart, G.-J., and
Sinninghe Damsté, J. S. (2011b). Niche segregation of ammonia-oxidizing
archaea and anammox bacteria in the Arabian Sea oxygen minimum zone.
ISME J. 5, 1896–1904. doi: 10.1038/ismej.2011.60
Podlaska, A., Wakeham, S. G., Fanning, K. A., and Taylor, G. T. (2012). Microbial
community structure and productivity in the oxygen minimum zone of the
eastern tropical North Pacific. Deep Res. Part I Oceanogr. Res. Pap. 66, 77–89.
doi: 10.1016/j.dsr.2012.04.002
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013).
The SILVA ribosomal RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Res. 41, 590–596. doi: 10.1093/nar/gks1219
Quiñones, R. A., Levipan, H. A., and Urrutia, H. (2009). Spatial and temporal
variability of planktonic archaeal abundance in the Humboldt Current System
off Chile. Deep Res. Part II Top. Stud. Oceanogr. 56, 1073–1082. doi: 10.1016/j.
dsr2.2008.09.012
Rinke, C., Schwientek, P., Sczyrba, A., Ivanova, N. N., Anderson, I. J., Cheng, J.-F.,
et al. (2013). Insights into the phylogeny and coding potential of microbial dark
matter. Nature 499, 431–437. doi: 10.1038/nature12352
Rossel, P. E., Lipp, J. S., Fredricks, H. F., Arnds, J., Boetius, A., Elvert, M., et al.
(2008). Intact polar lipids of anaerobic methanotrophic archaea and associated
bacteria. Org. Geochem. 39, 992–999. doi: 10.1016/j.orggeochem.2008.02.021
Santoro, A. E., Casciotti, K. L., and Francis, C. A. (2010). Activity, abundance
and diversity of nitrifying archaea and bacteria in the central California
Current. Environ. Microbiol. 12, 1989–2006. doi: 10.1111/j.1462-2920.2010.
02205.x
Santoro, A. E., Dupont, C. L., Richter, R. A., Craig, M. T., Carini, P., Mcilvin,
M. R., et al. (2015). Genomic and proteomic characterization of “ Candidatus
Nitrosopelagicus brevis ”: an ammonia-oxidizing archaeon from the open
ocean. Proc. Natl. Acad. Sci. U.S.A. 112, 1173–1178. doi: 10.1073/pnas.
1416223112
Schouten, S., Hopmans, E. C., Baas, M., Boumann, H. A., Standfest, S.,
Könneke, M., et al. (2008a). Intact membrane lipids of “Candidatus
Nitrosopumilus maritimus,” a cultivated representative of the cosmopolitan
mesophilic group I Crenarchaeota. Appl. Environ. Microbiol. 74, 2433–2440.
doi: 10.1128/AEM.01709-07
Schouten, S., Hopmans, E. C., and Sinninghe Damsté, J. S. (2013). The organic
geochemistry of glycerol dialkyl glycerol tetraether lipids: a review. Org.
Geochem. 54, 19–61. doi: 10.1016/j.orggeochem.2012.09.006
Schouten, S., Middelburg, J. J., Hopmans, E. C., and Sinninghe Damsté, J. S.
(2010). Fossilization and degradation of intact polar lipids in deep subsurface
sediments: a theoretical approach. Geochim. Cosmochim. Acta 74, 3806–3814.
doi: 10.1016/j.gca.2010.03.029
Frontiers in Microbiology | www.frontiersin.org 19 April 2019 | Volume 10 | Article 765
fmicb-10-00765 April 10, 2019 Time: 14:19 # 20
Sollai et al. Archaeal Membrane Lipids Within ODZ
Schouten, S., Pitcher, A., Hopmans, E. C., Villanueva, L., van Bleijswijk, J., and
Sinninghe Damsté, J. S. (2012). Intact polar and core glycerol dibiphytanyl
glycerol tetraether lipids in the Arabian Sea oxygen minimum zone: I. Selective
preservation and degradation in the water column and consequences for the
TEX86. Geochim. Cosmochim. Acta 98, 228–243. doi: 10.1016/j.gca.2012.05.002
Schouten, S., van der Meer, M. T. J., Hopmans, E. C., and Sinninghe Damsté, J. S.
(2008b). Comment on “Lipids of marine Archaea: patterns and provenance in
the water column and sediments” by Turich et al. (2007). Geochim. Cosmochim.
Acta 72, 5342–5346. doi: 10.1016/j.gca.2008.03.028
Schouten, S., Villanueva, L., Hopmans, E. C., van der Meer, M. T. J., and
Sinninghe Damsté, J. S. (2014). Are Marine Group II Euryarchaeota significant
contributors to tetraether lipids in the ocean? Proc. Natl. Acad. Sci. U.S.A.
111:E4285. doi: 10.1073/pnas.1416176111
Schubotz, F., Wakeham, S. G., Lipp, J. S., Fredricks, H. F., and Hinrichs, K.-U.
(2009). Detection of microbial biomass by intact polar membrane lipid analysis
in the water column and surface sediments of the Black Sea. Environ. Microbiol.
11, 2720–2734. doi: 10.1111/j.1462-2920.2009.01999.x
Sinninghe Damsté, J. S., Rijpstra, W. I. C., Hopmans, E. C., Jung, M.-Y., Kim, J.-G.,
Rhee, S.-K., et al. (2012). Intact polar and core glycerol dibiphytanyl glycerol
tetraether lipids of group I.1a and I.1b Thaumarchaeota in soil. Appl. Environ.
Microbiol. 78, 6866–6874. doi: 10.1128/AEM.01681-12
Sinninghe Damsté, J. S., Schouten, S., Hopmans, E. C., van Duin, A. C. T.,
and Geenevasen, J. A. J. (2002). Crenarchaeol: the characteristic core glycerol
dibiphytanyl glycerol tetraether membrane lipid of cosmopolitan pelagic
crenarchaeota. J. Lipid Res. 43, 1641–1651. doi: 10.1194/jlr.M200148-JLR200
Sintes, E., De Corte, D., Haberleitner, E., and Herndl, G. J. (2016). Geographic
distribution of archaeal ammonia oxidizing ecotypes in the Atlantic Ocean.
Front. Microbiol. 7:77. doi: 10.3389/fmicb.2016.00077
Smith, J. M., Chavez, F. P., and Francis, C. A. (2014). Ammonium uptake by
phytoplankton regulates nitrification in the sunlit ocean. PLoS One 9:e108173.
doi: 10.1371/journal.pone.0108173
Sollai, M., Villanueva, L., Hopmans, E. C., Reichart, G.-J., and Sinninghe Damsté,
J. S. (2018). A combined lipidomic and 16S rRNA gene amplicon sequencing
approach reveals archaeal sources of intact polar lipids in the stratified Black
Sea water column. Geobiology 17, 91–109.
Stewart, F. J., Ulloa, O., and DeLong, E. F. (2011). Microbial metatranscriptomics
in a permanent marine oxygen minimum zone. Environ. Microbiol. 14, 23–40.
doi: 10.1111/j.1462-2920.2010.02400.x
Sturt, H. F., Summons, R. E., Smith, K., Elvert, M., and Hinrichs, K.-U. (2004).
Intact polar membrane lipids in prokaryotes and sediments deciphered by
high-performance liquid chromatography/electrospray ionization multistage
mass spectrometry—new biomarkers for biogeochemistry and microbial
ecology. Rapid Commun. Mass Spectrom. 18, 617–628. doi: 10.1002/rcm.
1378
Taylor, K. W. R., Huber, M., Hollis, C. J., Hernandez-Sanchez, M. T., and Pancost,
R. D. (2013). Re-evaluating modern and Palaeogene GDGT distributions:
implications for SST reconstructions. Glob. Planet. Change 108, 158–174.
doi: 10.1016/j.gloplacha.2013.06.011
Teske, A. P., and Sørensen, K. B. (2008). Uncultured archaea in deep marine
subsurface sediments: Have we caught them all? ISME J. 2, 3–18. doi: 10.1038/
ismej.2007.90
Tiano, L., Garcia-Robledo, E., Dalsgaard, T., Devol, A. H., Ward, B. B., Ulloa, O.,
et al. (2014). Oxygen distribution and aerobic respiration in the north and south
eastern tropical Pacific oxygen minimum zones. Deep Res. Part I 94, 173–183.
doi: 10.1016/j.dsr.2014.10.001
Turich, C., Freeman, K. H., Bruns, M. A., Conte, M. H., Jones, A. D., and Wakeham,
S. G. (2007). Lipids of marine Archaea: patterns and provenance in the water-
column and sediments.Geochim. Cosmochim. Acta 71, 3272–3291. doi: 10.1016/
j.gca.2007.04.013
Ulloa, O., Canfield, D. E., DeLong, E. F., Letelier, R. M., and Stewart, F. J. (2012).
Microbial oceanography of anoxic oxygen minimum zones. Proc. Natl. Acad.
Sci. U.S.A. 109, 15996–16003. doi: 10.1073/pnas.1205009109
Villanueva, L., Schouten, S., and Damsté, J. S. S. (2017). Phylogenomic analysis of
lipid biosynthetic genes of Archaea shed light on the “lipid divide.”. Environ.
Microbiol. 19, 54–69. doi: 10.1111/1462-2920.13361
Villanueva, L., Schouten, S., and Sinninghe Damsté, J. S. (2015). Depth-related
distribution of a key gene of the tetraether lipid biosynthetic pathway in marine
Thaumarchaeota. Environ. Microbiol. 17, 3527–3539. doi: 10.1111/1462-2920.
12508
Wakeham, S. G., Amann, R., Freeman, K. H., Hopmans, E. C., Jørgensen, B. B.,
Putnam, I. F., et al. (2007). Microbial ecology of the stratified water column of
the Black Sea as revealed by a comprehensive biomarker study. Org. Geochem.
38, 2070–2097. doi: 10.1016/j.orggeochem.2007.08.003
Wakeham, S. G., Turich, C., Schubotz, F., Podlaska, A., Li, X. N., Varela, R., et al.
(2012). Biomarkers, chemistry and microbiology show chemoautotrophy in
a multilayer chemocline in the Cariaco Basin. Deep Res. Part I 63, 133–156.
doi: 10.1016/j.dsr.2012.01.005
White, D. C., Davis, W. M., Nickels, J. S., King, J. D., and Bobbie, R. J. (1979).
Determination of the sedimentary microbial biomass by extractible lipid
phosphate. Oecologia 40, 51–62. doi: 10.1007/BF00388810
Whitney, F. A., Freeland, H. J., and Robert, M. (2007). Persistently declining
oxygen levels in the interior waters of the eastern subarctic Pacific. Prog.
Oceanogr. 75, 179–199. doi: 10.1016/j.pocean.2007.08.007
Wörmer, L., Lipp, J. S., Schröder, J. M., and Hinrichs, K.-U. (2013). Application
of two new LC-ESI-MS methods for improved detection of intact polar lipids
(IPLs) in environmental samples. Org. Geochem. 59, 10–21. doi: 10.1016/j.
orggeochem.2013.03.004
Xie, S., Liu, X.-L., Schubotz, F., Wakeham, S. G., and Hinrichs, K.-U. (2014).
Distribution of glycerol ether lipids in the oxygen minimum zone of the
Eastern Tropical North Pacific Ocean. Org. Geochem. 71, 60–71. doi: 10.1016/j.
orggeochem.2014.04.006
Zhu, C., Meador, T. B., Dummann, W., and Hinrichs, K.-U. (2013). Identification
of unusual butanetriol dialkyl glycerol tetraether and pentanetriol dialkyl
glycerol tetraether lipids in marine sediments. Rapid Commun. Mass Spectrom.
28, 332–338. doi: 10.1002/rcm.6792
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The author MS declares her affiliation with Frontiers and the handling Editor states
that the process nevertheless met the standards of a fair and objective review.
Copyright © 2019 Sollai, Villanueva, Hopmans, Keil and Sinninghe Damsté. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 20 April 2019 | Volume 10 | Article 765
